Datums
Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29) .
Horizontal coordinate information is referenced to the North American Datum of 1927 (NAD 27).
Elevation, as used in this report, refers to distance above the vertical datum.
Introduction
Most nuclear power plants and related structures in the United States are close to large rivers or coastlines for access to cooling water. Proximity to water poses risks of plant inundation, including riverine flooding for facilities adjacent to rivers. After the 2011 release of radioactive materials resulting from the tsunami inundation of the nuclear power plant in Fukushima Daiichi, Japan (Kurokawa and others, 2012) , the National Research Council (2014) and other agencies have emphasized better risk-based assessment of flood hazards to critical structures (Nicholson and Reed, 2013) .
Studies of previously unrecorded floods, or paleofloods, can support assessment of flood hazards by improving estimates of the frequency and magnitude of rare and large riverine floods (Harden and others, 2011; Benito and O'Connor, 2013; O'Connor and others, 2014) . Such studies give empirical information on exceptional floods that can be efficiently incorporated into quantitative flood frequency assessments (Stedinger and Cohn, 1986; Stedinger and Baker, 1987; O'Connell and others, 2002) .
Description of Study Area
The Tennessee River starts at the confluence of the French Broad and Holston Rivers in Knoxville, Tennessee, and flows 652 river miles (RM) to its Ohio River confluence ( fig. 1) . The basin drains 41,000 square miles (mi 2 ), originating in the Blue Ridge mountains of Virginia, Tennessee, and North Carolina before flowing southwestward into northern Alabama and then northwestward until joining the Ohio River in western Kentucky near its Mississippi River confluence.
The main study reach of this investigation was the Tennessee River Gorge, near Chattanooga, Tennessee (figs. 1 and 2). The gorge extends from just downstream of Chattanooga, at RM 455, to about RM 430, about 5 miles (mi) downstream of the western extent of the map ( fig. 2) 
Purpose and Scope
This report documents a reconnaissance-level field study that assessed the potential for paleoflood studies to improve estimates of the magnitude and frequency of past large floods on the Tennessee River near Chattanooga, Tennessee ( fig. 1 ). This study builds on a desktop screening effort assessing the potential for paleoflood studies to improve flood-risk assessments for 104 nuclear power plants in the United States (O'Connor and others, 2014) . That earlier screening identified the Southeastern United States-a region with several nuclear power plants-as having high potential because of the combination of regional geology and river valley physiography. Three plants-Watts Bar, Sequoyah, and Browns Ferry ( fig. 1 )-are along the Tennessee River and are operated by the Tennessee Valley Authority (TVA).
The specific objectives of this study were to evaluate the presence and preservation of paleoflood deposits along the Tennessee River and to evaluate the effort necessary to do a comprehensive paleoflood study leading to measurably better estimates of flood risk-particularly for rare and large floods.
The Tennessee River study area also was selected because of the scarcity of past paleoflood studies in the region. Most paleoflood studies nationally and globally have been done in arid or semi-arid regions for which deposit preservation is more likely (Benito and O'Connor, 2013) . Consequently, one objective of this analysis was to evaluate if deposit preservation and identification was possible in high humidity environments, particularly because of the preponderance of nuclear power plants in the Eastern United States.
Measured and Historical Streamflow
USGS streamgage 03568000, Tennessee River at Chattanooga, Tennessee, at RM 464.3 provides a continuousflow record dating back to 1874 and high-stage record back to 1826. This streamgage is at the upstream end of the study area and is directly relevant to the Tennessee River Gorge because there are no large intervening tributaries. The contributing area at the streamgage is 21,400 mi 2 . The stage and discharge B r a n c h 1867, 1875, 1886, 1917, (partial profile; 249,000 ft 3 /s), and 1936 (234,000 ft 3 /s) are shown in figure 3 for the Tennessee River between RM 390 and 470, encompassing the entire Tennessee River Gorge study area. Additional historical documentation for the USGS streamgage indicates that stages of 662.6 and 663.5 ft occurred in March 1826 and March 1847, respectively. These stages are more than 15 ft lower than the maximum stage of 1867 and probably similar to the March 2, 1890, flood of 283,000 ft 3 /s (no profile available), which had a maximum stage of 663.6 ft. Although these early floods were smaller than the largest flows, these historical records indicate as early as 1826, the very largest flows from the Tennessee River were documented.
Stratigraphic Field Inspections and Results

Study Reach Selection
The approach for this study was to identify promising terrain for formation and preservation of paleoflood deposits, and then do a field reconnaissance to confirm the presence of flood stratigraphy that could enable a robust paleoflood analysis. The screening study of O'Connor and others (2013) pointed to the Tennessee River. Topographic and geologic map inspection and available historical information, such as the historical gage record and flood profiles, indicated that the Tennessee River Gorge could be a viable location for a comprehensive study and provided a solid observational basis from which to extend flood frequency analyses. The bedrock gorge is a geomorphic setting conducive to flood deposit formation and preservation, as well as paleohydraulic analysis due to the stability and narrow width of the valley.
Field Reconnaissance
Potential paleoflood sites along the Tennessee River We identified several sites of potential or confirmed stratigraphic records of Tennessee River floods ( fig. 2 ). Most sites are in the Tennessee River Gorge, but we also identified potential sites during our brief inspection of the Eaves Ferry study reach ( fig. 1 ). Many sites consisted of sediment accumulations under large colluvial boulders ( fig. 4 ). These boulders, mostly large sandstone blocks fallen from the upper edges of the Cumberland Plateau, sheltered flood deposits from erosion and precipitation, and in places limited vegetation growth and resulting bioturbation.
We also identified potential sites in bedrock caves and alcoves where bedrock outcrops were close to river level or in range of large floods. A promising area of caves and alcoves extends from RM 454 to 456, on river left when looking downstream (figs. 2 and 5). These caves and alcoves formed in carbonate rocks and have accumulated flood sediment, and are deep and well sheltered, likely preserving a stratigraphic record of several floods with little bioturbation. The caves and alcoves are at various elevations, providing opportunities for records spanning different time periods and flood magnitudes.
Long and well-exposed stratigraphic records are also preserved in the alluvial stratigraphy of floodplains and floodplain islands ( fig. 6 ). One example is at RM 455.7, on the eastern edge of Williams Island. Similar exposures are common along the eroding floodplain shoreline of the former Hales Bar Reservoir in the main study reach ( fig. 2) . Such alluvial stratigraphic records are difficult to use as a sole basis for paleoflood reconstructions, primarily because of the difficulty to reliably estimate flood discharge associated with specific deposits in these settings. In these wider reaches, the channel can shift, resulting in uncertain stage-discharge relationships. However, stratigraphic records from these alluvial floodplain and island sites can confirm and extend findings from nearby caves and rock shelters (for example, Hosman and others, 2003) .
Stratigraphy of Selected Candidate Paleoflood Sites
Limited stratigraphic investigations were done during this reconnaissance study. The investigations were limited to inspections of small exposures at several boulder-shelter sites and evaluation of the alluvial stratigraphy at the Williams Island section, and a brief inspection of an upstream site near Eaves Ferry.
Boulder-shelter sites were investigated only in the Tennessee River Gorge. Sites in the elevation range of the 1875 flood, as indicated by the Tennessee Valley Authority (1940) flood profiles, commonly contained a layer, as much as 2 inches (in.) thick, of micaceous silty sand, in places finely laminated ( fig. 7) . The mica indicates a Tennessee River source for the sediment, derived from the metamorphic rocks of the Blue Ridge Mountains, rather than being sediment derived from local hillslope erosion (where the rocks do not contain significant mica) and deposited by colluvial processes or by local runoff. The fine planar laminations indicate fluvial deposition from suspended load. Because this sediment is close to the surface, we infer it was likely deposited by the 1867 or 1875 floods.
Two boulder-shelter sites among several possible candidates were investigated in greater detail ( fig. 2) . Both are at RM 445 and are large sandstone boulders embedded in the colluvial slope descending down to river level.
Jeff-n-Steph Site
Jeff-n-Steph boulder, named for graffiti decoration, forms a 3-ft overhang sheltering a 4×10 ft area ( fig. 8 ). The area under the overhang is flatter, drier, and less vegetated than the adjacent slope. The surface was covered with organic debris, mostly dry leaves, isolated stones apparently fallen from the overhang above, some broken glass, and an aluminum can. The surface elevation, as measured by hand level from fig. 8) , with corroboration from the shallower pit.
Within the 2-ft-deep exposure, roots and burrowing were common, particularly in the top several centimeters (fig. 8) . The upper 8 in. was brown silty fine sand, locally mottled, and contained charcoal fragments, charred nuts, and glass (mostly in the upper 4 in.). No visible primary stratigraphy was preserved. The lower boundary of this 8-in. thick unit is marked by a distinct but discontinuous stone line. The next unit, from 8 to 12 in. below the surface, was reddish brown silty fine-to-medium sand, with its base also marked by another distinct but discontinuous stone line at 1 ft below the surface. The unit between 1.0 and 1.3 ft below the surface was compact reddish brown fine-to-medium sand. This unit was distinctly more micaceous and contained less silt than the overlying units. Its base also was marked by a discontinuous stone line. Between 1.3 ft and the bottom of the excavation, there was reddish brown sand, poorly exposed in the bottom of the narrow hole. The stratigraphy indicates at least four episodes of sand deposition, with the upper three separated by discontinuous stone lines almost certainly resulting from rock debris flaking off the overhanging boulder between floods. The sand layers all contain mica, although the 1.0-1.3 ft layer is distinctly more micaceous. The presence of mica indicates that the sand was deposited by the Tennessee River rather than from local sources. Although fine stratigraphy is not well preserved because of bioturbation and possibly poor exposure in the small, narrow excavations, the four sand units likely represent at least four separate flood deposits. A bigger and deeper excavation with more time spent evaluating the stratigraphy may show more individual flood layers in and below the exposed stratigraphy. The upper layer, containing glass in the upper 4 in., may be from the 1867 flood. It is not clear, however, if the glass was in the flood deposit, or as we judge more likely, was on the surface but buried later by burrowing animals.
The elevation of the Jeff-n-Steph site deposit relative to the Tennessee Valley Authority (1940) indicates that the floods that deposited sediment here all had discharges of at least 400,000 ft 3 /s. One deposit, likely in or comprising the upper 8 in., was probably deposited by the 1867 flood ( fig. 8 ), estimated to be 459,000 ft 3 /s at USGS streamgage 03568000 at Chattanooga. The deposit between 1.0 and 1.3 ft depth may have been deposited by a larger flood with higher velocity, as indicated by the slightly coarser texture of the sediment.
The age range for this deposit is not well known. A single radiocarbon age from a piece of charcoal in the 1.3-ft-deep stone line gave a corrected radiocarbon age of 3,055±35 years before present (yr BP; lab ID ww10884, table 1; fig. 8 ). Calibrated to calendar years, this is equivalent to 1411-1223 B.C. Although more dates are necessary to confirm the timing of deposition of the stone line, this preliminary information indicates that the flood record here may be more than 3,000 years.
Red Flower Site
The Red Flower site, named for fire pink (Silene virginica) blossoming at the site, is up the slope from Jeff-n-Steph, about 30 ft higher at about 680 ft. It is an area of approximately 1.5×6.5 ft protected by a large tilted and overhanging slab of sandstone ( fig. 9) . The sheltered surface is dry and covered with organic debris, mostly dry leaves, and isolated stones apparently fallen from the overhang above.
A shallow, 1-ft deep pit provides a limited exposure of the stratigraphy ( fig. 9) . The top 1 in. of this site is dry and loose, gray-silty gravelly sand with abundant organic debris. This caps 2.4 in. of brown, loose, fine sand with abundant charcoal flecks. These loose units overlie 2-in. thick (from 3 to 5 in. deep) reddish brown and compact, silty very fine sand which is distinctly micaceous. It contains small charcoal pieces, particularly near its base. Its lower contact is irregular and marked by granules and pebbles to 0.4 in. diameter. The unit from 5 in. down to the bottom of the hole at approximately 1 ft was brownish orange mottled, poorly sorted, loose silty fine sand with abundant pebbles and granules. Only the layer from 3 to 5 in. contained obvious mica.
The micaceous silty very fine sand from 3 to 5 in. below the surface is probably evidence of a very high Tennessee River flood deposit. This conclusion is tentative without confirmation by evidence from more systematic stratigraphic analysis and evidence from additional sites. The other loose and mica-free units appear to be local materials brought in by slopewash or colluvial processes, mixed with rock fragments flaking off the overhanging boulder.
The elevation of the possible Red Flower site flood deposit, at approximately 680 ft (surveyed by hand level and laser rangefinder from the pool elevation of Nickajack Reservoir), is more than 25 ft higher than the maximum historical flood of 1867, which attained a stage of approximately 652 ft at RM 445 ( figs. 3 and 10 ). This is much higher than any measured or estimated discharge and estimating a minimum discharge for this flood requires more precise surveying and additional flow modeling. Based on an extended rating curve that includes the local elevations of historical floods ( fig. 10 ), it may have been greater than 1,000,000 ft 3 /s, assuming no major changes in channel and valley geometry.
To date this high flood deposit, we sampled charcoal from the base ( fig. 9 ) and collected a sample for optically stimulated luminescence (OSL) dating (Huntley and others, 1985 ; table 2). The radiocarbon age is 180±30 yr BP, which, using INTCAL13 calibration data set (Reimer and others, 2013) calibrates to possible calendar-year ranges (in years A.D.) 1652-96, 1726-1815, 1836-77, and 1917-50 . These results indicate the flood post-dated A.D. 1652. Because this deposit requires such a large discharge that would almost certainly been of historical notice, the older ranges of the radiocarbon result (A.D. 1652-96 and A.D. 1726-1815) are more likely to indicate the deposit age, although we emphasize that more stratigraphic analysis, hydraulic analysis, and dating and stratigraphic analysis are necessary to confirm the occurrence and magnitude of this possibly exceptional flood. The OSL sample was collected from just below the micaceous Tennessee River flood unit, at 5-7 in. below the surface ( fig. 10) . Results from the OSL sample indicate that the flood must have occurred in the last 3,000±240 years (table 2; fig. 10 ). These results indicate that the flood unit was deposited in about the last 3,000 years and underscore the need for additional work to confirm the timing of occurrence of this flood. 
Williams Island Site
Williams Island is a 2-mi long alluvial island near the eastern end of the Tennessee River Gorge ( fig. 2 ; near Lookout Creek in fig. 3 ), extending between RM 454.6 and 456.6. It is a large sandy island with a surface locally exceeding 660 ft, more than 25 ft above the pool of Nickajack Reservoir ( fig. 3 ) and about 50 ft above the historical low-flow river elevation of about 610 ft (Tennessee Valley Authority, 1940) . Historical floods inundated the island, including the 1867 flood that attained a stage of about 675 ft (Tennessee Valley Authority, 1940) .
We examined a shoreline exposure at RM 455.7 ( fig. 11 ). The top of the exposure was at approximately 661 ft, 27 ft above the 633.5 ft pool level of Nickajack Reservoir at the time of our inspection. The exposure consisted of bedded sand, deposited in layers that became finer and thinner up the section. The bedding of the upper 6 ft was less distinct because of soil development and bioturbation. The lowermost units were as much as 20 in. thick and locally contained rounded pebble layers.
These deposits record building up of the island by vertical accretion of fluvial deposits. The pebble layers and thick sand deposits low in the section may be sand and pebble bars, but we interpret finer intervening layers and the mostly thinner and finer layers of the upper several meters to be overbank deposits from the suspended load of floods overtopping the growing island. As the island became taller, inundation probably became progressively less frequent and shorter duration during each flood, resulting in thinner and finer flood tac17-1140_fig 11 layers, as well as allowing more pedogenic alteration and bioturbation of flood layers between increasingly rare episodes of renewed deposition. Two OSL samples were collected and analyzed at the Williams Island site (table 2). One site was near the bottom of the section at about 6 ft above the water surface and one site was from about 20 ft above the water surface ( fig. 11) . Both ages were similar (8,640 ± 960 and 9,900 ± 940 years BP). This chronology indicates that (1) much of Williams Island was deposited rapidly about 8,000-10,000 years ago, and (2) Williams Island contains a long record of flood events spanning most of the Holocene.
Because many of these sand layers in alluvial sections such as at Williams Island and other floodplain sites are likely much lower than the peak stage of the depositing floods (the 1867 flood was about 15 ft above the top of the Williams Island exposure), they are difficult to interpret directly in terms of paleoflood magnitude. Nevertheless, deposit grain size and thickness may indicate relative flood magnitude, which can in turn assist in interpretation of flood chronologies developed at higher sites. The Williams Island site may be particularly valuable in this regard because of the yet unanalyzed but promising cave and alcove sites at the same river position along the western valley margin ( fig. 2) , which also likely preserve a long record of large floods.
Eaves Ferry Study Area
We made a cursory investigation at a rocky alcove along Eaves Bluff near Eaves Ferry (RM 523.2) during the course of evaluating floodplain stratigraphy sites along the shores of Chickamauga Reservoir ( fig. 12 ). This rocky bluff along river left contains several shallow alcoves, including one near the former ferry landing that contains laminated silty fine sand likely deposited during a Tennessee River flood. The site is adjacent to discontinued USGS streamgage 03544000, Tennessee River at Breedenton, which operated for only 7 years from 1934 to 1940. Hand level and laser rangefinder surveys relative to both the Chickamauga Reservoir surface and the outside staff plate at the gage house indicate that the deposits in this alcove are at about 706 ft elevation and 40 ft on the outside staff plate (gage datum = 666.35 ft). The elevation of these deposits is 12 ft higher than the 27.7 ft stage (gage datum) attained by the largest flow of 205,000 ft 3 /s on March 29, 1936 , in the short 1934-40 record (Parker, 1942) .
Although not in the Tennessee River Gorge focus area, this site indicates that deposits are likely present in other reaches, thereby providing opportunities for additional and independent evaluation of paleoflood records. The Eaves Ferry site also is close to several sites of alluvial stratigraphy being assessed by the University of Tennessee (Howard Cyr, University of Tennessee, written commun., 2016), providing an opportunity for examining sections of floodplain overbank deposits in conjunction with flood slackwater deposits in high rock shelters and alcoves. 
C H IC KAMAU G A R E SE R V O IR -TE NN ES SE E RI VE R Sew ee Creek
A Tennessee River Comprehensive Flood Study-Activities and Requirements
This reconnaissance-level study shows that floodfrequency assessments for rare and large floods on the Tennessee River would likely be significantly improved by a comprehensive paleoflood study. Such a study entails several distinct tasks, probably involving synergistic activities among many collaborators. They are listed here in approximate sequence, assuming that the study would focus on the Tennessee River Gorge between RM 440 and 460:
1. Do a more thorough reconnaissance in the focus area.
Our brief field reconnaissance only inspected about 30 sites ( fig. 2) . A more thorough reconnaissance effort is necessary to identify sites at a broad range of elevations so as to encompass a wide range of paleoflood history and magnitudes and to prioritize sites relative to potential for providing the best possible stratigraphic records.
2. Obtain access and permits for site excavations. This will include obtaining permissions from pertinent landowners, addressing National Environmental Policy Act requirements including requirements associated with Section 106 of National Historic Preservation Act of 1966, and any necessary Federal, State, and local permits. Most aspects of this task should be initiated prior to the thorough reconnaissance of task 1.
3. Excavate, describe, sample, survey, and interpret the stratigraphy and chronology of sites selected on the basis of the reconnaissance efforts of task 1. This task will be the basis of the paleoflood record and chronology. The number of sites will depend on project budget and timeline considerations, but because no one site can be a basis for a confident determination of a complete record, multiple sites are required for a complete paleoflood analysis. For the Tennessee River Gorge, 6-10 sites with good stratigraphic records could provide a balance between budget and time considerations and confidence in the resulting paleoflood record. This task will include the bulk of the fieldwork, requiring several weeks of concerted effort by geologists and hydrologists.
4. Determine stage-discharge rating curves for each study site to develop discharge estimates for each paleoflood identified in the stratigraphic record. A paleoflood study in the Tennessee River Gorge will benefit immensely from the existing record and calculations for the large historical floods (Tennessee Valley Authority, 1940) . This step will require project geologists to work with hydraulic engineers to ensure that the developed flow models extend to the sites and elevation ranges of the analyzed paleoflood deposits.
5.
Incorporate the paleoflood information into probability analyses of the magnitude and frequency of large and rare floods. This task will entail combining information from the derived paleoflood record of flood magnitude and timing with the long gaged record at Chattanooga and any additional historical information to calculate estimates of flood frequency and the uncertainty of those estimates. This task relies on new and efficient approaches for combining such records on the timing and magnitude of historical and prehistorical floods (Cohn and others, 1997; O'Connell and others, 2002; John England, Army Corps. of Engineers, 2016) . These techniques allow consideration of uncertainties in magnitude and timing of paleofloods. This approach of combining records typically results in significant improvement of flood-frequency assessments (as measured by their uncertainty) compared to those derived from gaged records alone (for example, Harden and others, 2011).
6. Fully report all developed information, including stratigraphy, hydraulic modeling, and flood-frequency analyses in a peer-reviewed report. This task would ideally be supported by (1) field trips to study sites, (2) critical evaluation of site stratigraphy, chronology, interpretations, and discharge estimates, and (3) expert review of the statistical analyses.
Summary
This reconnaissance-level field study indicates that a comprehensive flood geomorphology study on the Tennessee River would likely provide improved estimates of the frequency and magnitude of large Tennessee River floods. In particular, the Tennessee River Gorge appears to be an excellent location for a paleoflood study. Results here would be relevant to assessing flood hazards for several nuclear powerplants located along the river.
Multiple depositional sites and environments preserve stratigraphic records of flooding. Large boulders, bedrock ledges, alcoves, and small caves are present at multiple elevations along the Tennessee River Gorge and in other locations where the channel narrows. These provide excellent environments for flood sediment accumulation and preservation. Because these sites are located at multiple elevations relative to the channel, they can provide information about floods of a wide range of magnitudes. These stratigraphic records from rock shelters and caves could likely be augmented or confirmed by stratigraphic records developed from nearby sections of alluvial stratigraphy, such as Williams Island.
Despite extensive bioturbation by vegetation and burrowing insects and animals, delineation of distinct stratigraphic units, probably representing individual floods, is possible by careful examination and stratigraphic analysis. This was clearly evident at the Red Flower and Jeff-n-Steph boulder-shelter sites. Stratigraphy is likely much better preserved in the unexcavated caves and alcoves.
The presence of mica, derived from metamorphic and igneous rocks in the Blue Ridge Mountains, appears to distinguish Tennessee River flood deposits from deposits from those of local sources. This improves the reliability of stratigraphic interpretations.
Flood deposits and bounding units in the region contain charcoal and other materials suitable for radiocarbon dating. Preliminary results indicate that resulting chronologies may extend back more than 3,000 years. Similarly, OSL dating indicates a record of more than 8,000 years at Williams Island.
The hydraulic conditions of the Tennessee River Gorge are ideal for paleoflood analysis. The narrow bedrock gorge provides a stable and confined hydraulic environment enabling sensitive and stable stage-discharge relationships for sites of detailed study. The historical flood profiles documented and calculated by the Tennessee Valley Authority provide a strong basis for new hydraulic modeling of historical conditions, enabling robust estimates of discharges associated with specific deposit elevations throughout the gorge. The bedrock channel bed and resistant valley margins result in such modeling being applicable for floods of the last several thousand years.
The Tennessee River Gorge is adjacent to the long-term USGS streamgage 03568000, Tennessee River at Chattanooga, Tennessee. This is a continuous record dating back to 1874, and includes historical measurements of large floods dating back to 1826. This long gage record provides a solid basis for augmentation by geologic data on large, prehistoric floods.
The Tennessee River has experienced multiple large floods in the last 200 years. These large floods and flood hydroclimatology are well documented by Tennessee Valley Authority. In particular, deposits of the 459,000 cubic feet per second flood of 1867 will likely serve as a guide to the location and relative magnitude of paleoflood deposits.
Most of the Tennessee River Gorge is little affected by anthropogenic disturbances that might alter or erase the flood record. Although the Tennessee River is mostly impounded by dams, long sections of river corridors are in the range of historical flooding and above levels of reservoir inundation.
Although this reconnaissance-level study was done for the Tennessee River, results further indicate that paleoflood studies may be feasible in many other areas of the Eastern United States. Bioturbation and vegetation may locally limit stratigraphic resolution and working conditions, but flood stratigraphy is likely to be preserved in certain depositional environments. In particular, the abundant carbonate rocks, incised valleys, and sand-producing headwaters together create favorable conditions for creating and preserving flood slackwater deposits in environments favorable for paleohydraulic analysis.
